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An application of thé LHRF heating to a large tokamak is investigated.
A frequency of 2.0 GHz is seiected for a INTOR plasma. Numerical simu-
lation of the LHRF heating shows the importance of the real time feed
back of the RF parameters of phase_difference, power and frequency

corresponding to the plasma parameters in a large tokamak.
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1. Introduction _
RF heating is very attractive as the further heating method of a plasma

in a tokamak reactor, because of its engineering simplicity compared with NBIL.
Recently, many experimental results which demonstrated the effectiveness of
RF heating in tokamaks have been reported [1-3]. As for the lower hybrid
range of frequencies (LHRF) heating, though some harmful nonlinear effects
like parametric instabilities and ion tail formation near the plasma edge
have been reported, they will be reduced in a hot dense plasma in future
large tokamak. Results in the JFT-2 and possibly Alcator A showed good
heating efficiency [2]. Moreover, LHRF have shown several experimental suc-
cesses 1in a current drive. [4]. There are many other experiments which support
the feasibility of the LHRF heéting in future large tokamaks. Because of
these encouraging results and the engineering superiority, LHRF heating
with 10 MW of RF power will be donme in the JT-60. When we think of the
terribly bad environment around the reactor, engineering simplicity of the
wave launching system like the LHRF heating is extremely attractive. It
is natural choice to take the LHRF heating as one of the prospective further
heating methods in INTOR. |

Brief review of the LHRF heating will be given in the section 2.
Numerical study including a simulation of the LHRF heating in INTOR is
described in the section 3. In the final section, we propose the recommend-

ation of the RF system for INTOR, as the conclusion of this report.

2. Brief Review of the LHRF Heating

Lower hybrid resonance frequency is the ion plasma frequency in the space
filled with the magnetically constrained electrons. Therefore, LHRF
heating is sensitive to the ion demsity just like as that ICRF and ECH are
sensitive to the magnetic field. Before the arrival of the lower hybrid
wave (LHW) to the resonance point, there are several processes which the
wave must experience. .

At first, the wave is launched from the outside of plasma. In the LHRF,
Wavegﬁides, which are attractive in a reacor environment and easy to be formulated
theoreticaly, are possible to use. Electromagnetic wave radiated from the
launcher couples to the slow wave at the edge and propagates to the interior
in the linear theory of the LHW. It is well known that a slow wave must

satisfy the accessibility condition in order to penetrate further inside.

2
ce|res’ where ‘res

denotes the value at the lower hybrid resonance point [5]. After the pene-

The accessibility is approximately given as Nz:>l + wpéyw

tration into the core of plasma, the wavelength become shorter. The wave
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is converted to the hot ion wave due to the thermal effect of ions and is
absorbed near the turning point via theé ion cyclotron harmonic damping
and/or Landau damping. Above linear heating model is very simple and -

easy to understand, but the experimental results are somehow different from

it. It seems to be indispensable to apply nonlinear consideration to
understand the experimental results, There are many nonlinear theory
of the LHW. Among them, parametric instabilities and nonlinear stochastic

heating are very plausible. Parametric instabilities were observed in
every LHRF heating experiment in tokamaks. But the role of them seems
to be a mechanism of surface heating. Some attempt to reduce parametric
instabili;ies near the surface have been made [6]. In the reactor grade
tokamak parameters, this surface absorption will not be seriocus proBlem,
since the ratio of the RF power density and plasma energy density RN =
SRF/nT will be a few hundredths of that of the present experiments,

Almost every LHRF heating experiment has predicted the necessity of
the accessibility condition and the turning point of the LHW [2].

From these prediction, we can easily find the importance of the penetratien
of the LHW into the core plasma and mode conversion ﬁo the short wavelength
icn waves. Since the linear damping mechanism like ion cyclotron harmonic
damping and Landau damping saturate easily at low power, the ilon wave
accumulates in the core plasma and nonlinear stachastic heating is expected
to ocecur near the turning point [7].

Heating efficiency of the LHRF ( 1.5~ 3.0 eV/kW ) is moderate, compared
with the other heating schemes like NBI, ICRF and ECH ( 3~ 6 eV/kW ) ip
the present grade tokamak experiments. As mentioned before, this reduction
of the heating efficiency is mainly due to the surface absorption which
will be probably suppressed in the reactor plasma and a ripple loss or an
orbit loss of perpendicular energetic ions which will aléo be confined in
the reactor plasma. Thus the LHRF heating will be expécted to work well
in the reactor plasma like INTOR. Weak point of the LHRF heating in the
present time is the lack of the experiments to demonstrate the excellent
heatiﬁg efficiency. Coming experiments of the LHRF heating in the PLT,
Alcator C, JFT-2M, Wega, Asdex and JT-60 will clarify the present ambiguity

sQ0mn.

3. Numerical Studies of the LHRF Heating in INTOR
3.1 Design of the RF parameters
First of all, it is necessary to determine the basic RF parameters

for INTOR. For this purpose, behavior of the LHW in a plasma parameter
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space is investigated, as shown in Fig.l. The dotted line of large points
is the lower hybrid resonance, the seolid lines are the mode conversion
point of each Nz— wave from the cold LHW to the hot ion wave, the dotted
lines are mode conversion point from slow wave to fast wave ( accessibility
condition) and the broken line is an example of the plasma profile of INTOR.
The expected plasma parameters of INTOR are peak plasma density N =
1.5-2.0 x 10°% ™3, the toroidal field B_ = 5.5 T and <T> = 10 keV.
Therefore, the frequency f = 2.0 GHz and the refractive index parallel to
the toroidal field Nz =2 ig the first choice for ion heating in INTOR.
Next, the launching structure of the LHW must be determined. For the
engineering simplicity, number of waveguides should be small and the effective
area to radiate the RF power should be large. But for the optimization
of the wave penetration and absorption, large number of the waveguides
and small width of the each waveguide in the toroidal direction (b)
make a good Nz-spectrum for heating. It is the most important to
harmonize the above competing requirements in order to get a good heating
result in a large machine. We select a phased array of 8 (array) x 6(story)
waveguides with each size of the wave guide b = 30-40 mm x a = 125 mm.
The required port size is 0.7 m poloidally and 1.1 m toroidally. Reflection
of the launcher with b = 35 mm vs phase difference between the adjacent
waveguides A¢ is shown in Fig. 2 , which is calculated from Brambilla theory
[8]. Good coupling is obtained in A¢ = 120°~ 180°. Power spectra P(NZ)
are also calculated corresponding to these phasings, in Fig. 3. It is

seen that the peak Nz is variable from 1.2 to 1.8, by changing the phasing

Ap . As shown in Fig. 1, the accessibility condition is very severe,
it requires N >1.6 near the plasma center with a peak density n 0=
20 3 e
1.5 x
Plasma parameters of INTOR change in time. The plasma density is
20 _3 to 1.4 x 1020 d3, the plasma

expected to increase from Ee 0.4 x 107
current Ip = 4 to 6 MA, and the temperature<T>= 1.0 to 10.0 keV.

As the lower hybrid frequency is sensitive to the density and it is approxi-
mately proportional to the square root of the density, increase in the
density by factor of 3 requires that in the frequency by 1.7.

Thermal correction of the LHRF also requires frequency upshift with increase
in an icon temperature. Control of the phasing of the launcher provides
a part of the solution to these variation of plasma parameters. But it

is impossible to follow to the all parameters in INTOR only by changing

the phasing within the framework of the linear theory, if the choice of

the frequency is only one point.
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To see the effect of these variation, the profiles of the deposited RF
power are calculated within the framework of linear theory, which is
shown in Fig. 4. Change of density by factor of 1.4 brings the out shift
of the profile of the deposition from Ogr/ag 0.3 to 0.3gr/ag0.4.
Therefore, if the profile of the depostion is optimized in the initial stage
of. the discharge, it become surface heating even in the middle of the
discharge. The same out shift occurs in the case of the variation of the
ion temperature, which is shown in Fig. 5. As far as wave deposition profile
obeys to the linear damping mechanism, some frequencies to tune or several
power sources of different frequencies, corresponding to the dynamicaly
changing parameters, are required to keep the core heating.

As described in the section 2, the results of the present experiments
did not agree with the linear theory well. Nonlinear stochastic heating
plausibly dominates the ion heating. In this case, wider density window
to heat ions may be expected [7,9]. But we must be careful whether this
wide density window is only specific result in small and/or low Ip tokamaks.
This question should be clarified in coming experiments of LHRF in medium

size and large Ip tokanaks.,

3.2 Simulation

To veryfy the validity of the selection of the RF parameters, numerical
simulation of the LHRF heating in INTOR is performed in both cases of linear
and simplified nonlinear stochastic models [9]. Tokamak transport code is
one dimensional fluid model, where Maxwell and energy balance egquations are
solved. Detailes of the tokamak code is described in ref. 10. In the
heating code, power spectrum from the launcher and the trajectry and damping of
each Nz wave ' are calculated.

In the simulation, we assume the plasma density is almost coastant
for simplicity. Time evolutions of ion temperature in the cases of the
linear and nonlinear stochastic model are shown in Fig. 6(a) and (b), res-
pectively, where RF parameters are f = 2.0 GHz, b = 35 mm, A = 180°,
NWG =8 and PRF = 50 MW. In the case of the linear model, ion temperature
at the center increases fast in the early time of the RF pulse and saturdtes
soon at about 5 keV. On the other hand, the resultsof the nonlinear model
is quite different. Ion temperature near the center increase gradually
and does not saturate during the RF pulse of about 10 seconds. It inecreases
from 3 to about 20 keV, which is the adequate temperature for INTOR. Reason
of ﬁhis difference between the two model is figuratively seen in Fig. 7(a)

and (b), where the time change in the profiles of ion temperature are shown

_4_
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in the both cases. At thelnltlaltlme of the RF pulse in Flg 7(3), deposi~
tion profile of the RF¥ power is optlmezed, 50 that the resultant ion tem-
perature peaks at the center, but the proflle is w1dened soon and the
deposition region shifts outward, which make the hollow ion temperature
profile. This hollow peak of the ion temperature blocks the RF power to
penetfate further into the core plasma. (h1theotherhend,ixlthecase(afnonlinear

stochastic model, the change of the deposition profile due to that of

‘the ion temperature is quite small. Therefore plasma ions are heated -

very well up to 20 keV, as shown in Fig. 6(b) and Fig. 7(b), whlch suggests
that we must have a measure to keep the optimized deposition of the RF power.
It should be noted, here, g partlcle heating is not taken into conslderatlon
in this code. If the x particle heating is added, mere enhancemenf of

the ion temperature is expected in the both cases.

4. Recommendation of the RF System

From the previous studles in the section 3, it is found that only one
choice of the RF parameters of ( £,A¢ ) can not heat a plasma to the required
temperature for fusion. It seems to be lndlspensable to take a feed back
control of RF power, phase and frequency to optimize the deposition profile
in accordance with a change in density and témperatﬁre. If the
deposition profile is controlled well by the feed back or pre-programming
of the RF parameters, it is pbssible to heat a plasma to an‘adequeee tem-
perature for fusion as seen from Fig. 7(b). Therefore, we strongly
recommend the full feed back LHRF system for INTOR, It will provide
an efficient ion heating tc the INTOR, which has the wide range of plasma
parameters. |

Block diagram of the LHRF system with the feed back control is shown
in Fig. 8. It is relativeiy easy to develope the low power sectlon of
wide frequency band with full feed back function of RF power PRF’ phasing
Ap and frequency f, since we have already had highly developed electronics
in this field. Difficulties in the RF system in Fig. 8 are developemenﬁs of
high power ( > 1L MW ), almost cw and wide band ( f0 t 152 ) klystron and
microwave circuits like a 3 dB coupler and a phase shifter. Circulator is
excluded in this system because it is almost impossible to develope the
circulator which satisfies the specification of this system. Instead,
phase adjasting system and fast PIN switch are empoloyed to cope with
high VSWR. Therefore, high power klystron and microwave circuits of

wide bard are eagerly needed to develope for the LHRF system of INTOR.

— 5 —
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Lastly, we must note about a current drive whlch is extremely 1mportant
for the future of a tokamak reactpr. LHRF is so far the only one sheme
which has demonstrated aléﬁrrentrarivezittokamaks, though some problems
are still under investigation. There are great possibility of the use of
LHRF heating system to drive cﬁrrents in INTOR.  The engineéring::fLHRF which
will be developed for the ion heating system is quite applicable te that
for a current drive. If the frequency of the RF system in Fig. 8 is changed

from 2.0 GHz to 3-4 GHz, it will be adequate for a current drive.
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f= 2.0GHz
Te =Ti = {OkeV

B, (Tesla)

Fig. 1 Wave characteristics in plasma parameter space. The horizontal and
vertical axises show the density,and:toroidal ﬁagnetic field, respec-

tively. Dotted line of closed girgleﬁmshowslthe cold lower hybrid

resonance, solid lines the' turning point from the cold LHW to the
hot ion wave of each Nz-wave, dotted lines the accessibility condi-
tion (mode conversion point from slow wave to fast wave ) of each

'Nz- wave. Mass number of ions is takeh.to be 2.4 (‘equal D-T mixture).
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Fig. 5 Profiles of ion tempera:zure and deposited RF power with n.o =
20 -3
1.6 x 107 " m ~. (a) -TiO = 5 keV. (b) TiO = 10 keV.
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Fig. 6 Time evolutions of the ion temperature during the RF pulse in INTOR

plasma in the cases of (a) linear model and {(b) nonlinear stochastic

model.
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Fig. 7 Time changes of the profile of ion temperature. (a) Linear and (b)
nonlinear stochastic model.
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